Purpose The purpose of this study was to examine the biological variability of follicular fluid (FF) high density lipoprotein (HDL) particle components measured in ipsilateral ovarian follicles. Methods We collected FF from two ipsilateral follicles among six women undergoing in vitro fertilization (IVF). We measured concentrations of 19 FF HDL particle components, including HDL cholesterol, free cholesterol, four cholesteryl esters, phospholipids, triglycerides, paraoxonase and arylesterase activities, apolipoproteins A-1 and A-2 (ApoA-1 and ApoA-2), and seven lipophilic micronutrients, by automated analysis and with high-performance liquid chromatography. We assessed biological variability using two-stage nested analysis of variance and compared values with those previously published for contralateral follicles.
Introduction
It is critical to identify and characterize sources of biological variability in studies of human reproduction, to foster the use of designs and biomarkers that maximize validity and precision using available resources. In terms of female reproduction, substantial variability has been reported between and within women with respect to the laterality of ovulation [1, 2] , menstrual cycle length [2] , ovarian follicle growth rates, and maximum achieved follicle diameter [3] . More recently, investigators have also begun to characterize the biological variability of proteins, lipids, hormones, and metabolites in human follicular fluid (FF) [4] [5] [6] [7] . Given its proximity to a Capsule The variability of FF HDL analytes from ipsilateral follicles was smaller than variability that was previously reported in follicles from contralateral ovaries.
developing oocyte [8] , FF is increasingly viewed as a potential source of biomarker information for studying reproductive endpoints [9, 10] .
In FF, high density lipoprotein (HDL) is found as the major class of lipoprotein; larger lipoprotein particles are excluded by the follicular basal lamina [11] . Given its potent antioxidant activity [12] [13] [14] , and critical role in delivering cholesterol for steroid hormone synthesis [15, 16] , HDL has strong potential as a biomarker of the follicular microenvironment. Studies also identified HDL particle components measured in FF, including cholesterol, ApoA-1 [17] , γ-tocopherol, and β-cryptoxanthin [18] , as important predictors of embryo quality during in vitro fertilization (IVF). Higher FF apolipoprotein A-1 (ApoA-1) levels were recently associated with poorer embryo quality per oocyte, in women undergoing IVF [19] . These data point to the importance of FF HDL biomarkers in human reproduction and suggest an important role in epidemiologic and clinical investigations of female infertility. Yet, perhaps due to the complexities and invasive nature of FF retrieval, characterization of the biological variability of FF HDL using human data is very limited at present.
To help to address the abovementioned data gap, Bloom et al. recently characterized the biological variability of FF HDL particle components collected from contralateral ovaries [20] . Substantial variability for 19 FF HDL particle components was reported between follicles from contralateral ovaries, as well as between women according to demographic and clinical factors. These results underscored the importance of a Bone follicle-one oocyte^design in studies of follicular mechanisms and IVF outcomes. To augment those data, we here made a preliminary characterization of biological variabilities in HDL particle components, using FF collected from ipsilateral follicles, and compared these to our previously reported results for contralateral follicles [20] .
Methods

Sample selection
Between April 10, 2010 and June 28, 2011, we recruited a convenience sample of 180 women undergoing IVF treatment with fresh, non-donor oocytes, among women referred to the University of California at San Francisco (UCSF) Center for Reproductive Health for infertility treatment. Overall, 97.8 % of women agreed to participate. The participants provided comprehensive infertility data and health-related behaviors, including current and past cigarette smoking status, through completion of a standard infertility intake form and a study questionnaire. Height and weight were measured to calculate body mass index (BMI; kg/m 2 ). Informed consent was obtained prior to the inclusion to the study. We performed all procedures in accordance with the ethical standards of the UCSF Committee on Human Research and with the 1964 Helsinki declaration and its later amendments. The study protocol was approved by the UCSF Committee on Human Research.
Clinical protocol and specimen collection
All study participants underwent controlled gonadotropininduced ovarian stimulation (COS) per standard clinical protocols. Endometrial development and follicle maturation were monitored by regular transvaginal ultrasounds and serum estradiol (E 2 ) measures. Human chorionic gonadotropin (hCG) was administered subcutaneously when a sufficient number of follicles had developed beyond 17 mm diameter. Oocytes were aspirated under conscious sedation using a transvaginal needle (18 gauge) with ultrasound probe approximately 36 h later. We collected ipsilateral follicles from six women, and contralateral follicles were collected from the remaining participants. For each woman, the first follicle was aspirated using a clean, never used needle, and the second follicle was aspirated with a fully washed needle without flushing the follicle. Following collection, each follicle was individually transferred into an empty 10-mL tube and processed. After removal of the oocyte for clinical purposes, each 3.5-5.0-mL FF aspirate was centrifuged to pellet residual granulosa cells. The aspirated FF supernatant was aliquoted (0.6 mL) and frozen at −80°C. No specimens showed visual evidence of blood contamination before or after centrifugation [21] . We shipped two aliquots from each follicle to the University of Buffalo, State University of New York on dry ice via overnight service for biochemical analyses.
Analytic methods
We used whole FF to determine concentrations of ApoA-1, apolipoprotein A-2 (ApoA-2), and paraoxonase (PON1) activities. ApoA-1 and ApoA-2 levels were analyzed by immunoturbidometric methods using diagnostic kits from Kamiya Biomedical (Seattle, WA) on the Cobas Fara II automated chemistry analyzer (Hoffmann-La Roche, Basel, Switzerland). Arylesterase and paraoxonase activities were also analyzed using the Cobas Fara II as described elsewhere [22] . FF HDL fractions were prepared by selective precipitation to remove trace amounts of apolipoprotein B containing low density lipoproteins [17] .
FF HDL particle lipids, including cholesterol, phospholipids, and triglycerides, were measured using diagnostic reagent kits from Sekisui Diagnostics (Lexington, MA) adapted to the Cobas Fara II (Hoffmann-La Roche). Free (unesterified) cholesterol and cholesteryl esters, including cholesteryls palmitate, oleate, linoleate, and arachidonate, were measured by high-performance liquid chromatography (HPLC). Fatsoluble micronutrients, including vitamin A (retinol), vitamin E (α and γ tocopherols), and carotenoids (β-carotene, β-cryptoxanthin, lutein/zeaxanthin, and lycopene) were simultaneously measured by HPLC. The interassay coefficients of variation (CVs) of each analyte ranged from 0.6 % for arylesterase to 7.2 % for β-cryptoxanthin.
Statistical methods
We had sufficient FF volume available to determine HDL cholesterol, phospholipids, triglycerides, paraoxonase and arylesterase activities, ApoA-1, and ApoA-2 in duplicate; we defined these as Bgroup I^analytes (Fig. 1) . However, enough FF was available for only a single HPLC determination, including analysis of free cholesterol, cholesteryls palmitate, oleate, linoleate and arachidonate, retinol, β-carotene, β-cryptoxanthin, α-tocopherol, γ-tocopherol, lutein/zeaxanthin, and lycopene, which we designated as Bgroup II^analytes. Prior to statistical analysis, we excluded one free cholesterol observation that was 6.6 interquartile ranges above the 75th percentile of the sample distribution [23] , and we applied a natural log transformation to normalize distributions and stabilize variances.
We characterized sources of variability due to factors between women (σ 2 B ) and between ipsilateral follicles (σ 2 F ), and due to analytic factors (σ 2 A ), using two-stage nested ANOVA. We specified the models as Y ijk = μ + sub i + follicle j(i) + e k(ji) ; where Y ijk describes an analyte value for the kth determination (k = 1, 2 for group I analytes; k = 1 for group II analytes) collected from the jth ipsilateral follicle (j = 1, 2) in the ith woman (i = 1, …, 6), μ describes the grand mean for an analyte, sub i describes the random effect of the ith woman on the grand mean, follicle j(i) describes the random effect of the jth ipsilateral follicle nested in the ith woman, and e k(ji) describes the random effect of the kth determination nested within the jth ipsilateral follicle sampled from the ith woman.
We defined total variance as σ , with 95 % confidence intervals (CIs) estimated using the inverse tan transformation of Smith's variance [24] . We also assessed the minimum number of specimens (m) necessary to estimate the within-ovary mean for an HDL analyte (l) within 10 % (i.e., ± 10 %) of the Btrue^value, calculated as m 10% = (1.96 × ((CV l )/10)) 2 [25] . , respectively. Except for one study participant, all were non-Asian and had never-smoked. Primary infertility diagnoses were distributed as male factor (n = 1), diminished ovarian reserve (DOR) female factor (n = 3), and non-DOR female factor (n = 2). Half of the participants received a Lupron downregulated COS protocol whereas the remaining half received an antagonist protocol.
Biological variability characteristics for FF group I HDL particle components are described in Table 1 . CVs were generally low (ranging from 1.12 % for arylesterase activity to 4.56 % for ApoA-2), although for triglycerides, the CV was high (30.35 %). The relative contribution of %σ 2 B to RV was higher than %σ 2 F for all analytes, with a low of RV = 0.03 for paraoxonase activity to a high of 0.33 for triglycerides. The ICC, which describes the proportion of observed variability associated with Btrue^differences between women exceeded 0.80, and a single specimen was required to estimate the ipsilateral ovary mean within ±10 % of the true value for all group I analytes, except for triglycerides (ICC = 0.74; m 10% = 13).
In contrast to the group I HDL particle components, CVs for group II HDL analytes were considerably high and ranged from 8.47 % for cholesteryl linoleate to 98.06 % for β-cryptoxanthin (Table 2 ). Similar to the group I analytes, RV was <0.5 for most group II analytes. Except for free cholesterol (ICC = 0.76) and cholesteryl palmitate (ICC = 0.54), ICCs exceeded 0.80 for all group II analytes. However, the minimum number of specimen collections to estimate the ipsilateral ovary mean was greater than one for all group II analytes, except for cholesteryl linoleate (m 10% = 1).
Discussion
We determined concentrations of 19 FF HDL particle components in ipsilateral follicles collected from women undergoing IVF and characterized the sources of measurement variability. Variability between follicles (i.e., within ovary) was substantially smaller than variability between women for most HDL particle components. Furthermore, our results indicate that the reliability of group I HDL particle components was suitable for use as biomarkers in epidemiologic and clinical studies, having had ICC ≥0.80 and requiring collection of single specimens to estimate subject-specific means within ovary. However, group II HDL particle components appeared to be less well-suited as biomarkers for epidemiologic or clinical investigations, as most analytes did not meet these requirements.
Active follicular regulation, with constitutive modification of the HDL particle [26, 27] , is suggested by previous studies of mammalian ovaries. Tight biochemical controls between follicles were implied by interfollicular communication among cohorts of developing follicles within the ovary [28] , which typically is mediated by endocrine and intraovarian factors [29] . Accordingly, variability between ipsilateral follicles was low relative to variability between women for most of the HDL particle components we measured, suggesting coordinated interfollicular HDL metabolism within ovary. In contrast, previous data for contralateral follicles suggested a larger contribution from extra-ovarian sources for most HDL particle components [20] , possibly associated with the mesenteric circulation/blood supply. For example, the RV of ApoA-2 (1.21 vs. 0.10) in the contralateral follicles was substantially higher than those measured in ipsilateral follicles, respectively, implying a greater contribution of between contralateral follicle variability than between ipsilateral follicle variability, possibly due to ovary-specific blood supplies. A conclusive explanation for the different contributions made by sources of variability between follicles in HDL particle components from ipsilateral and contralateral follicles is not known. Still, our preliminary data are consistent with a greater degree of regulation within than between ovaries for specific HDL particle components, and thus, fewer FF specimen collections may be sufficient to estimate HDL particle components concentrations within a single ovary.
We also conducted a reliability analysis of ipsilateral FF HDL particle components to evaluate their potential use as biomarkers in epidemiologic and clinical studies [30] . The CV describes the variability around a subject-specific mean; CV <10 % is generally considered as a clinical threshold for biomarker reliability [31] . In our study of HDL particle components measured in ipsilateral follicles, the CVs of most group I HDL analytes were well below 10 %, with the exception of triglycerides (30.35 %). Previously, a similar observation was seen for triglycerides sampled from contralateral follicles (i.e., CV = 22.52 %) [20] . Also similar to the contralateral analyses, CVs exceeded 10 % for all group II HDL analytes, except for cholesteryl linoleate (8.47 %) [20] . The higher CVs for group II HDL analytes compared to group I analytes in our study might be due to their substantially lower mean concentrations compared to group I, yet variance estimates of measured analytes in both groups were similar. Therefore, our results suggest the challenge in providing a reliable estimate for group II HDL particle component means, regardless of the ovary sampled.
The ICC estimates the correlation between two replicate specimens, with an ICC ≥0.80 generally considered as a minimum reliability for use in epidemiologic studies [24] ; an ICC <0.80 will require a sample size increase of more than 20 % for equivalent statistical power. In our study, ICCs were ≥0.80 for most HDL analytes, except triglycerides (0.74), free cholesterol (0.76), and cholesteryl palmitate (0.54). In contralateral follicles, ICCs exceeded 0.80 for only triglycerides, paraoxonase activity, β-carotene, β-cryptoxanthin, γ-tocopherol, lutein/zeaxanthin, and lycopene (Fig. 2) [20] . Thus, FF collection in ipsilateral follicles rather than contralateral follicles appears to be a better choice for epidemiologic investigations, if the study question addresses the impact of a large panel of FF HDL particle components.
For the purposes of epidemiologic and clinical investigations, it is critical to identify the number of specimens required to estimate subject-specific means. For most group I HDL analytes, collection of a single specimen was sufficient to estimate the mean within ±10 % of the true subject-specific mean, except for triglycerides (m 10% = 13). On the other hand, Group II analytes required collection of a greater and varying number of specimens, ranging from a single specimen for follicles, yet the number of required specimen collections was generally greater than for ipsilateral follicles [32] . Still, a larger number of ipsilateral than contralateral specimen collections is required for triglycerides (13 vs. 6) and β-cryptoxanthin (13 vs. 10). Again, these results suggest that selection of either ipsilateral or contralateral follicles should be determined by specific HDL analytes of interest in studies utilizing FF HDL biomarkers.
Our study has several limitations, and thus, the results should be interpreted with caution. Most importantly, we had a very limited sample size as ipsilateral follicles were collected from only six women. Thus, our estimates of biologic variability were imprecise, and we were unable to characterize FF HDL analytes by relevant demographic and clinical factors, such as infertility diagnosis (e.g., diminished ovarian reserve) and COS protocol relevant to IVF. A larger sample size will be needed to more definitively investigate the clinical relevance of these results for IVF. It is reported that levels of HDL components measured in mammalian FF depend on follicle size [33] , yet diameter data were unavailable to us for incorporation into the analysis. However, we Fig. 2 Intraclass correlation coefficients (ICCs) with 95 % confidence intervals for follicular fluid high density lipoprotein (HDL) particle components measured in specimens collected from ipsilateral (−I) and contralateral ovaries (−C). a Group I HDL analytes include HDL cholesterol, phospholipids, triglycerides, arylesterase, and paraoxonase activities, and apolipoproteins (ApoA-1 and ApoA-2), and b group II HDL analytes include free cholesterol, cholesteryl palmitate, cholesteryl oleate, cholesteryl linoleate, cholesteryl arachidonate, retinol, β-carotene, β-cryptoxanthin, α-tocopherol, γ-tocopherol, lutein/zeaxanthin, and lycopene collected only follicles greater than 17 mm diameter, which would minimize the impact of follicle size on HDL concentrations. In addition, insufficient remaining sample volumes for our HPLC analysis prevented isolation of group II analyte variability due to analytic factors from between-follicle variability. Still, given reported analytical performance of the HPLC assays elsewhere [20] , and previous estimates of analytical variability in serum [34] , we believe that the variability due to analytic factors was likely to be small.
Conclusions
In conclusion, our study demonstrated smaller between ipsilateral follicles variability for most FF HDL particle components than our previously reported results for follicles from contralateral ovaries, potentially reflecting a higher degree of follicular control within ovary. These findings illustrate the need to conduct variability and reliability studies prior to selecting FF biomarkers for epidemiologic and clinical investigations. To our knowledge, this is the first study investigating the biological variability of FF HDL particle components within the same ovary. Our study results are restricted by the aforementioned limitations, particularly the small sample size, and so require further confirmation using a larger sample size to provide for a more conclusive interpretation of clinical impacts. However, these preliminary results offer useful insight into the use of FF HDL particle components as biomarkers for epidemiologic and clinical investigations.
